Hybrid Electric Vehicle (HEV) owners have reported significantly lower fuel economy than the published estimates. Under on-road driving conditions, vehicle acceleration, speed, and stop time differ from those on the normalized test procedures. To explain the sensitivity, several vehicles, both conventional and hybrid electric, were tested at Argonne National Laboratory. The tests demonstrated that the fuel economy of Prius MY04 was more sensitive to drivecycle variations. However, because of the difficulty in instrumenting every component, an in-depth analysis and quantification of the reasons behind the higher sensitivity was not possible. In this paper, we will use validated models of the tested vehicles and reproduce the trends observed during testing. Using PSAT, the FreedomCAR vehicle simulation tool, we will quantify the impact of the main component parameters, including component efficiency and regenerative braking.
INTRODUCTION
The United States Environmental Protection Agency (EPA) provides the fuel economy information used on the window sticker of new cars on the basis of standardized driving cycles (e.g., urban, highway). Owners of conventional vehicles have noticed a small difference between their real-world fuel economy and the window sticker values, while owners of hybrid electric vehicles have complained of a much larger difference [1, 2, 3] .
A study performed with dynamometer vehicle testing at Argonne's Advanced Powertrain Research Facility [4] demonstrated that hybrid electric vehicles (HEVs) were more sensitive to drive-cycle variations than their conventional counterparts. Several vehicles and drive cycles (Urban Dynamometer Driving Schedule [UDDS], Highway Fuel Economy Test [HWFET] , Automotive Testing and Development Services [ATDS] , and US06) were considered in the previous paper.
To approach the topic from another angle, PSAT [5] , Argonne's vehicle simulation tool, has been used to investigate and examine the trends that were observed in testing. PSAT, a forward-looking model, uses the driver outputs to send commands to the different components in order to follow the drive cycle. PSAT is the software of choice for all FreedomCAR and Fuels Partnership activities.
In this study, we will focus on two vehicles (conventional Ford Focus and 2004 Toyota Prius) and two driving cycles used in the initial study: the UDDS and the HWFET. After the trends noticed during vehicle testing are reproduced, each main vehicle parameter will be analyzed to quantify its impact on sensitivity, as well as each parameter's relative importance to overall sensitivity.
Studies by EPA [6] and Honda [7] have demonstrated that parameters other than drive-cycle aggressiveness influenced fuel consumption, such as side wind effects, cold start, and air conditioning loads. Following the lead of the initial study performed at Argonne's Advanced Powertrain Research Facility (APRF), this study will only focus on drive-cycle impacts.
REPRODUCING VEHICLE FUEL ECONOMY TRENDS FROM DYNAMOMETER TESTING
Six vehicles were initially tested at Argonne's APRF. In this study, only two of them will be studied in detail: a conventional Ford Focus and a 2004 Toyota Prius. Figure 1 has two graphs comparing simulation results with test data. The first graph shows the fuel consumption of the Toyota Prius as a function of cycle scaling, and the second graph shows the fuel consumption of the Ford Focus as a function of cycle scaling factor. These two graphs demonstrate the predictive capability of the model when the vehicle load is varied by using a cycle scaling factor which proportionally scales the speed on the cycle as demonstrated in Figure 2 . [9] were carefully validated before this study. Figure 4 , in several cases, the engine was not turned ON at the same time. Figure 5 demonstrates the impact of the driver on the engine ON/OFF logic. This behavior cannot be reproduced in simulation and, when used to perform SOC correction, will alter the results. As was done for vehicle testing, all simulations were done for a vehicle at operating temperature. The component models used for the simulations in this study assumed each component ran at its desired operating temperature, and, thus, were not able to reproduce component thermal limitations, such as decreased battery power at elevated temperature. Another difference between test and simulation results was that the driver behavior in test could not be replicated in simulation which has a significant influence on the results.
FUEL CONSUMPTION SENSITIVITY DEFINITIONS
To evaluate the impact of drive-cycle aggressiveness on fuel consumption, the UDDS and HWFET drive cycles were scaled by the following factors: 0.8, 1.0, 1.2, 1.4, and 1.6 as was demonstrated in Figure 1 . Because these cycles are based on the UDDS and HWFET cycles, but are not these cycles, they are referred to in this paper either as (1) xUDDS and xHWFET in a general reference or (2) 0.8UDDS in reference to a specific cycle scaled by a factor of 0.8.
PSAT predicted the fuel and energy consumption for the Ford Focus and the Toyota Prius on each scaled cycle. The methodology is similar to the one used in the previous Argonne paper [4] .
Although the method used to define the simulation runs agrees with the one used to define the test runs, a different method was used to define sensitivity and report results. In the previous paper, sensitivity was defined as:
which was useful when different vehicles on the same drive cycle were compared. However, using Equation 2 as the foundation, the definition evolved into Equation 3: 
The second term in the equation,
depending on the cycle and is not just a characteristic of the vehicle. This makes comparisons between sensitivity factors on the xUDDS and xHWFET difficult. To address this difficulty, instead of graphing energy consumption as a function of scaling factor, energy consumption was graphed as a function of load at the wheels. The load was expressed in units of energy. Equation 6 demonstrates that the vehicle load changes cubically with the cycle scaling factor. 
The terms in the previous equation are explained in the appendix. One term that is important to mention is ς , the fraction of the energy load at the wheels that the engine supplies during the cycle. Equation 7 is similar to expressions published by other authors and helps to simplify the analysis to essential elements [10] . Figure 6 shows that on the UDDS, the fuel consumption sensitivity of the Prius (2.41) defined by Equation 3 , which is the local line slope, is higher than that of the Focus (2.14) for the last three points which correspond to cycle scaling factors of 1.2, 1.4 and 1.6, respectively. However, there is a significant difference in fuel consumption sensitivity for the first two points corresponding to cycle scaling factors of 0.8 and 1.0. As road load decreases engine efficiency increases lowering the overall energy consumption. This gives a sensitivity of -1.56 The sensitivity trends shown in Figures 6 and 7 are explained in the next sections by using the main powertrain characteristics listed below.
UDDS Fuel Consumption vs Energy at the
•
The influence of each characteristic on the sensitivity will be discussed individually. Figures 8 and 9 show the engine-operating region for both vehicles on the UDDS driving cycle. As one expects, the Prius is able to maintain its engineoperating region close to the engine's best efficiency curve. As a consequence, its average engine efficiency is higher than that for the conventional vehicle. Figure 9 shows the average sensitivity of engine efficiency to a change in vehicle load.
ENGINE EFFICIENCY

Figure 8. Ford Focus Engine-Operating Conditions on UDDS
Figure 9. Prius Engine-Operating Conditions on UDDS
The Prius average engine efficiency has the same sensitivity on both the UDDS and the HWFET. In contrast, the Focus has a greater sensitivity on the UDDS. In addition, in both cases, the conventional vehicle is more sensitive as its operating region greatly depends on the drive cycle.
An increase in engine efficiency will decrease the impact of the more aggressive driving cycle and decrease vehicle fuel consumption sensitivity. This explains why, in Figure 6 , the Focus has negative sensitivity at low vehicle loads, which is also reflected in Equation 8 by the term
η′ is large and positive, the sensitivity can be negative.
In addition, high engine efficiency will also lead to low sensitivity. 
ENGINE ENERGY LOSS
To fully characterize the impact of the engine, one needs to understand how much the engine is used. Besides looking at engine efficiency, engine losses can also be examined to determine the effect the engine has on the sensitivity of vehicle fuel consumption to vehicle load. Figure 11 shows the engine energy losses. As one expects, the energy used by the Prius is smaller than that of the Focus; however, the engine energy increases more for the Prius than for the Focus on the xUDDS, while both vehicles have similar trends on the xHWFET.
xUDDS DRIVING CYCLE
For the Focus, engine efficiency increases at higher vehicle load, which partially cancels the increase in engine losses required by the increase in vehicle load. Figure 11 illustrates that the efficiency of the Focus engine increases rapidly enough that the engine losses actually decrease. This decrease causes the fuel consumption of the Focus to be less sensitive to a change in load. As for the Prius, the engine efficiency does not increase as much; thus, the engine losses for the Prius increase more than those for the Focus, helping to make the Prius more sensitive to a change in load.
xHWFET DRIVING CYCLE One notices a similar trend on xHWFET for the Prius but not for the Focus. In fact, the Focus has large engine energy losses and efficiency slopes. The engine energy losses slope should be small. However, the Focus (25%) has a lower efficiency than the Prius (33%). Figure 12 shows the sensitivity of engine ON percentage of the Prius on both driving cycles. On the UDDS, the engine is used more often as the cycle becomes more aggressive, explaining a greater increase in energy losses. However, on the HWFET, the engine is already used most of the time and, as a consequence, behaves similarly to its conventional counterpart. This conclusion agrees with Equation 7 . The parameter ς , in Equation 7,  captures the effect of engine ON time on sensitivity. The more the engine is on, the greater the fraction of the total vehicle load that the engine supplies and, consequently, the greater the sensitivity. Also, ς ′ captures the rate at which the engine ON time increases and the effect that it has on sensitivity. 
Figure 11. Engine Energy Losses -xUDDS and xHWFET
REGENERATIVE ENERGY SENITIVITY TO VEHICLE LOAD
PSAT considers the vehicle to be in regenerative mode when the driver torque demand is negative. The regenerative energy recovered at the battery is defined by Equation (9) (%) Figure 13 shows the sensitivity of the regenerative energy to load on both driving cycles for the Prius. As one expects, the HWFET energy does not significantly increase, in comparison with the UDDS. An increase in regenerative energy will lead to a decrease in sensitivity because less energy will have to be provided by the engine to follow the trace. The effect of regenerative braking on sensitivity is also captured in the term ς in Equation 8, because regenerative braking recharges the battery causing the battery and motor to reduce the energy load on the engine which is ς . As more energy is recovered by the battery using regenerative braking more energy from the battery has to be used to either maintain or lower ς for the vehicle to zero the change in SOC of its battery over the drive cycle.
As shown in Figures 6 and 7, 
Concerning the regenerative braking efficiency, although the total amount of captured energy increases (Figure 12 ), the proportion of the available energy captured decreases both on the UDDS and the HWFET driving cycles as a result of power limitations on the battery. A vehicle with a more powerful battery would be able to decrease its sensitivity by increasing its regenerative braking energy.
USABLE ENERGY PROVIDED AT THE WHEEL DURING ACCELERATION ( load E
)
The energy provided at the wheel during acceleration is defined by Equation 6 . Figure 14 shows the energy provided at the wheel during acceleration. This is the total power that the combined power source of engine and battery must supply to the wheels. 
load with regen E is the energy provided at the wheel during acceleration and cruising minus the regenerative braking. This parameter will be used in a later section. Figure 10 showed that the average engine efficiency increased with aggressive cycles, decreasing sensitivity. This phenomenon is further amplified on the UDDS by an increase in motor efficiency.
ROLE OF COMPONENT EFFICIENCIES IN DETERMINING VEHICLE SENSITIVITY TO VEHICLE LOAD
The powertrain efficiency increases on the UDDS up to a 1.2 ratio and then decreases, but it keeps increasing on the HWFET. This is mostly the result of the drop in the share of regenerative energy, in comparison with the energy required to accelerate the vehicle.
As expected, the transmission efficiency, which does not include the electric machine efficiencies, remains constant. 
RELATIVE INFLUENCE OF PARAMETERS ON SENSITIVITY
After studying the influence of each parameter, one needs to look at their relative impact.
Figures 17 and 18 compare the relative importance of each parameter for both vehicles on the UDDS driving cycle. For both vehicles, the engine consumes most of the energy. However, the Prius engine losses significantly increase, in comparison with the Focus. As previously discussed, when the drive cycles become more aggressive, the engine is used more often. For the Prius, the increase in regenerative braking leads to a decrease in the energy required to follow the trace. As in the UDDS, the engine energy losses greatly influence the sensitivity of the Prius. Both vehicles have similar sensitivities because the engine is ON most of the time on the HWFET, and the Prius behaves more like a conventional vehicle. Table 3 summarizes the impact of each parameter on fuel consumption sensitivity to vehicle load. + indicates increase in sensitivity NA = not applicable -indicates decrease in sensitivity 0 = no effect on sensitivity
CONCLUSION
When the aggressiveness of the drive cycle is increased by scaling the speed proportionally, the Prius appeared to be more sensitive than the conventional Focus on the UDDS but displayed behavior similar to the Focus on the HWFET. This result agrees with the data recorded from testing which was used in the previous Argonne study [4] . Several parameters can explain these trends:
• The engine operation is by far the main parameter influencing vehicle sensitivity. The Ford Focus is less sensitivity because an increase in load results in an increase in engine efficiency which counteracts the increase in consumption. The Prius does not have a similar effect, because the operating regime of the Prius engine is already efficient and, thus, shows less improvement as load is increased.
• The high engine efficiency of the Prius and the regenerative braking events tend to minimize the impact of the energy increase. However, the importance of regenerative braking in diminishing the input energy required to follow the trace is minimized by very high power during decelerations, and the battery cannot capture that energy.
• For the conventional Focus, an increase in engine efficiency when the drive cycle became more aggressive leads to a decrease in sensitivity.
• For the HWFET driving cycle, both conventional and HEV vehicles behave similarly as a result of the high vehicle speed and the low regenerative braking and vehicle stop events. As a consequence, their sensitivity is very similar.
In conclusion, according to the simulation results published in this paper and the testing results recorded at the APRF and published in the previous Argonne paper [4] , the Prius is more sensitive to drive cycle conditions than the conventional Focus. The main cause of the greater sensitivity of the Prius when compared to the Focus, at least in the simulation, is, ironically, the insensitivity of the engine operating region of the Prius to an increase in vehicle load. As vehicle load increases, engine efficiency for the Focus improves, which counteracts the increase in load, causing a smaller increase in consumption than for the Prius. However, there are main factors, for instance, component thermal effects or air conditioning accessory load that can have significant impact on the fuel consumption of the hybrid vehicle which have not been addressed in this study. Even if the reasons behind the differences are similar for other conventional and HEVs, each powertrain and vehicle class will behave differently. 
